ABSTRACT: Until the mid 1950s, boron was believed to play an important role in the transport of sugars in plants. However, boron actually depends on sugar alcohols to be taken up by the plant. In some cases, the main sugars involved in this process are sorbitol and mannitol which form stable complexes with boron. In this study, the sequences of the SugarCane EST Genome Project (SUCEST) database were searched for enzymes involved in the metabolism of these sugars by comparing them with enzymes from other organisms. Eighteen contigs from sugarcane (Saccharum sp.) presented high similarity with 11 enzymes involved in the putative biosynthetic pathway of sorbitol and mannitol from fructose in sugarcane. Seven of these contigs had high homology with sequences deposited in GenBank. Key words: boron, expressed sequence tags (ESTs), polyols, sugar alcohol
INTROTUCTION
Carbohydrate chemistry has seen many advances in the last decades. Up to 1953, only four amino sugars had been identified. Almost 20 years later, about 50 amino sugars were known (Sharon, 1975) . The current interest in carbohydrate chemistry is not surprising considering their importance in most aspects of the environment.
Polyols are reduced forms of ketoses that occur in more than 100 species of plants (Stoop et al., 1996) . Derivatives of sorbitol and mannitol are the most common polyols. Bieleski (1982) estimated that up to 30% of the carbon fixed by plants is in the form of polyols. The occurrence of phloem mobile, boron-polyol complexes provides a mechanistic explanation for the phloem mobility of boron, observed in celery and peach. Polyols are also important in other Prunus, Malus and Pyrus species, as well as in members of the Apiaceae, Oleaceae and Celestraceae families (Brown & Shelp, 1997) .
Recent work has located a gene -BOR1 -in
Arabidopsis thaliana that codifies a boron transporter enzyme thus providing a molecular basis for the active transport of this element in higher plants (Takano et al., 2002) . Boron is a member of the metalloid group of elements, which also includes silicon and germanium. These elements show intermediate properties between metal and nonmetals. The role of boron in plant nutrition is still the least understood of all the mineral nutrients, but is believed to be involved in several processes, including sugar transport, cell wall synthesis, lignification, cell wall structure, carbohydrate metabolism, RNA metabolism, respiration, metabolism of indole acetic acid (AIA), phenol metabolism, and membrane stability. This indicates that boron is probably involved in a number of metabolic pathways, or may have a "cascade effect", similar to phytohormones (Marshner, 1995) .
Although boron is usually immobile in the phloem, of species in which sorbitol is the major sugar, boron is mobile (Brown & Hu, 1996) . Sorbitol forms six stable boron:sorbitol complexes (1:2 ratio) as a result of the favorable zigzag arrangement of the 2-, 3-, and 4-hydroxyls. The stability of these sorbitol complexes exceeds that of the 3, 4, 3', 4' mannitol complex (Makkee et al., 1985; Nose & Zenki, 1991) . At the high sugar:boron ratios found in high sorbitol genera (Pyrus, Malus, Prunus), more than 99% of boron occurs in 1:2 complexes. Hu et al. (1997) used matrix-assisted, laser desorption/Fourier transform mass spectrometry to identify the 3,4-mannitol-boron-3', 4'-mannitol complex in the phloem sap of celery, as well as similar sorbitol and fructose complexes in the extrafloral nectar of peach.
The objective of this work was to use the SUCEST database to identify orthologous sugarcane genes that could codify enzymes involved in the metabolism of sorbitol and mannitol.
MATERIAL AND METHODS

Enzyme detection
The Metabolic Pathways link at http:// www.genome.ad.jp/kegg/kegg2.html was used to search for enzymes involved in the metabolism of sorbitol and mannitol. Enzymes found occurred in five pathways: glycolysis (MAP00010), the pentose phosphate cycle (MAP00030), starch and sucrose metabolism (MAP00500), fructose and mannose metabolism (MAP00051), and galactose metabolism (MAP00052). The Expasy database (http://www.expasy.ch) from the link Swiss-Prot was used to identify the catalytic activity of the enzymes and the organism with the lowest e-value from the compared sequences. Additional information was obtained from the PubMed database (http:// www.ncbi.nlm.nih.gov/).
Identification of sugarcane cluster consensi
Sugarcane EST cluster consensi were identified using the basic local alignment search tool (tBLASTn) (Altschul et al., 1990) . Sugarcane reads related to the metabolism of mannitol and sorbitol were annotated using the minimum criteria of e-value < -70 and identity > 60%. The contigs identified were represented using the nomenclature created by SUCEST. The 5 th and 6 th letters in the identified contigs determined the tissue used in the construction of the libraries, e.g., RT for root (Table 1) . For more details see http://sucest.lad.dcc.unicamp.br/en.
Data normalization
The frequencies of reads for each tissue in the selected contigs were computed and normalized for each enzyme. The total number of corresponding reads for each enzyme of a specific library was divided by the total number of reads for this same library, and then multiplied by 100,000 (Table 3) .
RESULTS AND DISCUSSION
Search for orthologous genes
The SUCEST database (http://sucest.lad. dcc.unicamp.br/en) was mined for sugarcane gene products potentially involved in the metabolism of sorbitol and mannitol. Eleven enzymes were identified and 18 corresponding contigs were annotated ( Table 2 ). The searching criteria (e-value and identity) allowed the annotation of only a few contigs per enzyme. However, these contigs presented high levels of similarity. In 84% of the cases, the e-value was less than -100, whereas in 37% of the cases it was 0.0 (Table 2) . During the search, the level of similarity to microorganism genes was frequently low. This could explain the high e-value observed for the enzyme mannitol dehydrogenase, which was not found in higher organisms. Although the e-values for this enzyme were very high, the enzyme must be present in sugarcane since polyol mannitol has been detected in fresh sugarcane leaves at a concentration of 0.02 mol L -1 using high performance anion exchange-pulse amperometric detection (HPAE-PAD) at COPERSUCAR 1 ; sorbitol has also been detected at a concentration of 0.04 mol L -1
. The highest levels of identity were observed with genes from maize (Zea mays), also a gramineous plant (Table 2) .
Out the 11 enzymes annotated, aldehyde reductase and mannitol dehydrogenase showed a single contig represented by only one read. The single read in aldehyde reductase could be related to a sugarcane database representation or to a higher gene expression in seedlings 1 Eugênio C. Ulian -Personal communication, Copersucar, Piracicaba, SP, Brazil. in relation to isolated tissues, since the read was found only in the first case. In the case of mannitol dehydrogenase, the read was identified in the root. An explanation for this could be that the level of mannitol is so low that it could not be detected in the sugarcane database (SUCEST). In the remaining enzymes, the contigs were formed by reads from more than one type of tissue. Three contigs were annotated for fructokinase. One of these had 96 reads which may indicate that this enzyme figured was the most abundant ( Figure 1) . All of the 13 tissues used to construct the different SUCEST libraries contain sugarcane sequences related to the examined metabolic pathway. The contribu- tion of each tissue varied considerably in the selected contigs (Figure 2) . A special case was contig "SCCCCL3120B01.g" which presented reads in all tissues. Based on the normalized data for all contigs, tissues with the highest frequencies were LV (1.9), ST (1.01), CL (0.84) and SB (0.76), and tissues with the lowest frequencies were LR (0.22) and FL (0.12) (Figure 2 ). In species that translocate polyols, vegetative tissues such as petioles, stems, and roots may accumulate polyols, but there is no evidence that this occurs by direct synthesis rather than by simple import from the phloem (Madore, 1994). The enzyme (mannitol dehydrogenase) 1.1.1.138 was detected in root (RT), seed (SD) and in Acetobacter diazotrophicus infected plantlets (AD) ( Table 3 ). The presence of this enzyme in AD could possibly explain the correlation between mannitol levels and the occurrence of a pathogen resistance gene (Yamamoto et al., 1997) .
Aldehyde reductase (E.C. 1.1.1.21), which converts aD-glucose to D-sorbitol and vice versa, shared similarity with only one contig which had a unique read found in seed (Table 3) . Although sink tissues, such as seeds, may contain polyols, these are usually only trace components and not the major carbohydrates (Madore, 1994) . Comparison of the relative abundance of the genes identified in the different libraries, indicated that all were present mainly in the stem (ST), leaves (LV), callus (CL) and stem bark (SB), tissues in which boron is required for the formation and elongation of cell wall membrane stability (Shelp, 1993) .
Construction of the metabolic pathway
The biosynthetic pathway of mannitol and sorbitol is closely related to that of other sugars such as fructose, glucose and sucrose, and depends on some important enzymes. The first stable product of the photosynthetic process is triose phosphate, which is the immediate precursor of all carbohydrates and is synthesized in the source leaves. Other sugars, including polyols such as mannitol and sorbitol, are subsequently derived from triose phosphate.
Based on the putative plant homologues identified in the set of sugarcane ESTs used (Table 3) , it was possible to construct a putative biosynthetic pathway for sorbitol and mannitol from fructose ( Figure 3 ). This pathway was constructed based on sugarcane contigs that shared significant sequence similarity to known enzymes and had low e-value levels. With the use of less strict criteria, this pathway could be expanded. New searches will be carried out aiming to expand this putative metabolic pathway. For that, searches for contigs related to other steps and ramifications of this proposed metabolic pathway will be made. Functional genomic studies to confirm the expression of the enzymes included in the putative biosynthetic pathway of mannitol and sorbitol, as well as biochemical studies to show that the enzymes are active in hybrids of the Saccharum complex, are now required.
